Objective: C-peptide, a cleavage product of insulin, exerts biological effects in patients with type 1 diabetes mellitus, but its role in type 2 diabetes mellitus is controversial. Our aim was to examine the associations between fasting C-peptide levels and all-cause mortality, specific-cause mortality and the incidence of chronic complications in patients with type 2 diabetes. Design: Retrospective cohort study with a median follow-up of 14 years. Methods: A representative cohort of 2113 patients with type 2 diabetes mellitus and a subgroup of 931 individuals from this cohort without chronic complications at baseline from a diabetic clinic were studied. Results: Patients with higher C-peptide levels had higher baseline BMI and triglyceride and lower HDL-cholesterol values. During the follow-up, 46.1% of the patients died. In a Cox proportional hazard model, after multiple adjustments, no significant association was found between the C-peptide tertiles and all-cause mortality or mortality due to cancer, diabetes or cardiovascular diseases. In the subgroup of 931 patients without chronic complications at baseline, the incidence of microvascular complications decreased from the first to the third C-peptide level tertile, while the incidence of cardiovascular disease did not differ. The risks for incident retinopathy (hazard ratio (HR)Z0.33; 95% confidence interval (CI) 0.23-0.47), nephropathy (HRZ0.27; 95% CI 0.18-0.38) and neuropathy (HRZ0.39; 95% CI 0.25-0.61) were negatively associated with the highest C-peptide tertile, after adjusting for multiple confounders. Conclusions: Higher baseline C-peptide levels were associated with a reduced risk of incident microvascular complications but imparted no survival benefit to patients with type 2 diabetes mellitus.
Introduction
C-peptide has long been considered to be a biologically inert portion of proinsulin. More recently, C-peptide has been found to bind to endothelial cells, renal tubular cells and fibroblasts in a stereospecific manner and to stimulate Na C -K C -ATPase, endothelial nitric oxide synthase activities and nuclear factor-kB activation in endothelial cells exposed to hyperglycaemia (1, 2) . Human C-peptide exerts beneficial effects on vascular and neural dysfunction in diabetic rats (3); in type 1 diabetic patients with low or absent plasma C-peptide levels, it augments blood flow in skin and skeletal muscle, improves nerve function and decreases urinary albumin excretion and glomerular hyperfiltration (1, 4, 5, 6, 7, 8) . Its renoprotective effect has recently been confirmed by the nearly complete reversal of the morphological changes in renal proximal tubular cells that were experimentally induced by tumour growth factor b1 (9) . Residual b-cell secretion, evaluated by the measurement of fasting C-peptide levels, has been prospectively associated with a reduced incidence of microvascular complications in type 1 diabetes (10) . In contrast, these protective effects have not been found in non-diabetic humans or animals, suggesting that no further activity could be obtained by an additional increment in the C-peptide concentration at physiological levels (1) . Furthermore, the role of C-peptide is not well defined in type 2 diabetes, a disease that is now considered to be a consequence of the reduced b-cell function superimposed on a condition of insulin resistance (11) . Some prospective studies have found that residual insulin secretion has a protective effect on microvascular complications (12) , while others have failed to find such an association (13, 14) . However, previous studies have included either patients who were already complicated at baseline (12, 13) or a small number of individuals (12, 14) . Finally, no data regarding the association between residual insulin secretion and major outcomes, such as all-cause mortality and mortality due to cardiovascular diseases, are available in type 2 diabetic patients, while a few cross-sectional studies show contrasting data about the association of C-peptide and macrovascular complications (15, 16) .
The aims of this study were to evaluate after a 14-year follow-up period: i) the association between baseline fasting serum C-peptide levels with all-cause and specific-cause mortality in a cohort of 2113 patients with type 2 diabetes mellitus; and ii) the association between baseline C-peptide levels and the incidence of micro-and macrovascular complications in a subgroup of 931 individuals from the previous cohort of type 2 diabetic patients without chronic complications at baseline.
Subjects and methods
All 2113 patients with type 2 diabetes attending the diabetes clinic in Asti, a province in northern Italy, were evaluated in 1996-1997, as previously reported (17, 18) . They represented 1.6% of the reference population (134 646 subjects). Therefore, because the prevalence of known type 2 diabetes was 2% in northern Italy (19) , our cohort included w80% of the patients with known diabetes in the study area. Of these patients, 931 (44.1%) were free of any chronic complications (retinopathy, nephropathy, neuropathy and cardiovascular diseases) at baseline. The baseline data were obtained from the clinical records.
At the diabetes clinic, all the patients were examined every 4 months, the HbA1c levels and blood pressure were measured at each visit, and the patients had annual plasma lipid measurements and screenings for chronic complications. Centralised laboratory measurements were used. Height and weight were measured by a trained nurse, with the patient wearing light clothing but not shoes. The arterial blood pressure was measured by the same nurse in the morning after an overnight fast using a mercury sphygmomanometer with an appropriate cuff size, after a 5 min rest in the sitting position, with the arm being supported at heart level. The values reported were the averages of the last three measurements reported in the clinical records.
The laboratory methods have been previously described (17, 18) . The fasting serum C-peptide levels were measured once at the time of the enrolment of the patients, using an enzyme immunoassay (DAKO C-peptide, Cambridgeshire, UK); the coefficients of variation were 3.3-5.7%. HbA1c was measured using HPLC (Bracco, Milan, Italy; reference range 2.4-4.7%); the values reported were the means of the last three determinations.
Retinopathy was diagnosed via an ophthalmoscopic examination and/or retinal photography. A fundoscopy was performed through dilated pupils by an ophthalmologist who was experienced with diabetic retinopathy. In the group with retinopathy (any degree), a retinal photograph was taken, in accordance with the European protocol for diabetic retinopathy (20) . Nephropathy was established by an albumin excretion rate of more than 20 mg/min in at least two out of three urine collections within 6 months (immunoturbidimetric method), gross proteinuria or elevated serum creatinine levels. Distal symmetric polyneuropathy was diagnosed by the presence of neuropathic symptoms, an abnormal vibration perception threshold, the absence of R2 ankle or knee reflexes and/or an abnormal electromyographic test. Autonomic neuropathy was diagnosed by a loss of heart rate variability or postural hypotension. A cardiovascular disease diagnosis was based on documented events that were recorded by a physician (angina, myocardial infarction, a coronary artery bypass graft or other invasive procedures to treat coronary artery disease, transient ischaemic attacks, strokes, gangrene, amputation, vascular surgery, intermittent claudication, absent foot pulses and abnormal brachial and posterior tibial blood pressures, as determined by Doppler techniques).
Information on the vital status of each patient and the causes of death of those who had died were collected from June to December 2010 from the demographic files in the town of residence or death.
The underlying cause of death was derived from death certificates and coded according to the International Classification of Diseases, Ninth Revision (ICD-9). Of the causes of death, cardiovascular diseases (ICD 410-414, 430-438, 440), cancer (140-239) and diabetes (250) were considered.
Data relative to any incident chronic complications at follow-up were obtained from the clinical records of the diabetes clinic. All the procedures were in accordance with the Helsinki Declaration as revised in 2000. Informed consent was obtained from all the patients at baseline and the Local Ethics Committee approved the study protocol.
Statistical analyses
The patients were analysed according to the baseline C-peptide tertiles. The characteristics of the patients were described using either means and S.D.s or medians and interquartile ranges for the continuous variables. Percentage frequencies were used for the categorical variables.
Baseline differences among C-peptide tertiles were tested by c 2 test, ANOVA F-test and Kruskal-Wallis test, according to the type of variable. The overall survival was defined as the time from the enrolment until the date of death or the end of observation.
A Cox proportional hazard model was used to estimate the adjusted hazard ratios (HRs) and 95% confidence intervals (95% CIs) for all-cause mortality of each C-peptide tertile, after adjusting for prognostic factors (age, sex, BMI, smoking, the time since diagnosis, insulin treatment and the HbA1c, systolic blood pressure, HDL-cholesterol, triglyceride values and any complications at baseline).
In order to evaluate the association between C-peptide tertiles and specific causes of death, a Fine and Gray model, taking into account deaths for all causes as competing events, was used to estimate the specific-cause mortality HRs and 95% CIs, adjusted for prognostic factors.
The same statistical model for competing events was used to estimate the HRs and 95% CIs for the incidence of each chronic complication at follow-up by adjusting for age, sex, BMI, smoking, the time since diagnosis, insulin treatment, the HbA1c, systolic blood pressure, HDL-cholesterol and triglyceride values.
Statistical analyses were performed using Stata 9.2 (StataCorp LP, College Station, TX, USA) and R (version 2.12.1).
Results
The individuals in the lowest C-peptide tertile had longer baseline time since diagnosis, higher HbA1c levels and increased prevalence of retinopathy and nephropathy. These patients were also more frequently on insulin treatment. Patients in the third tertile exhibited higher baseline BMI and triglyceride values and lower HDL-cholesterol values ( Table 1) .
The vital status and cause of death were ascertained for 99.9% of the cohort (2112/2113). During a 14-year follow-up, 973/2112 patients died (46.1%).
The survival curve for each C-peptide tertile is shown in Fig. 1 . Patients who died during the follow-up were significantly older and more frequently on insulin treatment. These patients had longer durations of diabetes, higher HbA1c levels and systolic blood pressure, more chronic complications and lower BMI and cholesterol values (data not shown). No significant association was found between the C-peptide tertiles and either the all-cause mortality or the mortality due to cancer, diabetes or cardiovascular diseases in a Cox proportional hazard model after adjusting for multiple confounders and considering the deaths from other causes as competing events (Table 2) .
Patients with higher C-peptide levels exhibited an increased risk for death due to 'other causes' (mainly infections), which occurred in 22/325 (6.8%), 26/312 (8.3%) and 37/336 (11.0%) of the first, second and third tertiles respectively.
The incidence of chronic complications was evaluated in the subgroup of 931 patients from the entire cohort, who were free from any chronic complications at baseline. Of these patients, 60.4% developed at least one complication during the follow-up. The cumulative incidences of any chronic complications and specific complications in each C-peptide tertile are reported in Fig. 2 . The incidences of retinopathy, nephropathy and neuropathy decreased from the first to the third C-peptide tertiles (Table 3) .
Higher levels of C-peptide were negatively associated with all the incident complications, with the exception of cardiovascular disease, after adjusting for multiple confounders ( Table 4) .
The data did not change significantly after excluding the patients who were treated with insulin only 
Discussion
Our results indicated that initially complication-free type 2 diabetic patients with higher baseline fasting C-peptide levels had a significantly reduced incidence of neuropathy, nephropathy and retinopathy after a 14-year follow-up. However, neither the all-cause mortality nor the mortality for cancer, diabetes or cardiovascular diseases was reduced in patients with higher C-peptide levels. It is well known that even low levels of residual pancreatic secretion prevent incident microvascular complications in type 1 diabetes (10); experimental studies have suggested that the administration of C-peptide directly reduces glomerular lesions by exerting anti-apoptotic and anti-fibrotic effects and by increasing blood flow to the muscle, skin, kidneys and peripheral nerves, and that it exerts a corrective effect on neurotrophic factors and cytoskeletal proteins by increasing endothelial nitric oxide (NO) synthase levels, thereby stimulating Na C -K C -ATPase, activating kinases and acting on transcription factor NF-kB (2, 4, 6, 7, 8, 9, 21, 22) . Thus, type 1 diabetes has been recently proposed as a dual-hormone deficit disease (23) .
In type 2 diabetes, the data are contrasting. Epidemiological studies have found cross-sectional associations between low C-peptide levels and either microvascular or macrovascular complications and cardiovascular risk factors in type 2 diabetes (15, 16, 17) , and most experiments with C-peptide supplementation have promoted vascular lesions and insulin resistance (24, 25) . In type 2 diabetes, elevations in C-peptide levels are usually observed as a consequence of insulin resistance. The effects of C-peptide supplementation cannot be demonstrated in patients with normal or high C-peptide levels; it is likely that, under these conditions, receptor saturation and downregulation occur such that no additional biological activity can be obtained from an additional increase in C-peptide levels (1, 21, 22, 23). Furthermore, there are differences between type 1 and type 2 diabetes in terms of progression and in the types of lesions of microvascular complications (23) .
Patients who developed incident chronic complications were more frequently on insulin treatment and had lower C-peptide levels, a longer time since diagnosis and a worse glycaemic control. These features indicate progressive b-cell failure. We found a strong inverse association between C-peptide levels and the duration of diabetes, confirming the progressive deterioration of b-cell function in type 2 diabetes over time (26) . The inverse association between C-peptide values and the risk for microvascular complications suggests that, in type 2 diabetic patients with b-cell failure, low fasting C-peptide values are indicative of the risk for developing microvascular complications. It can be argued that low C-peptide is merely a marker of b-cell function and low levels indicate b-cell failure. The association between low C-peptide and increased risk of microvascular complications would suggest a lack of ability to self-regulate glycaemia, which in turn pre-disposes to microvascular disease. In contrast, patients with higher C-peptide levels showed a combination of risk factors, such as hypertension, low HDL-cholesterol, hypertriglyceridemia and obesity, which might be the consequence of insulin resistance and, possibly, C-peptide resistance. Therefore, despite their significantly lower durations of diabetes, the incidence of cardiovascular complications did not differ among the C-peptide groups.
The literature regarding the association between C-peptide levels and arteriosclerosis is highly controversial. Some studies have demonstrated the beneficial effects of C-peptide on vessels by inhibiting smooth muscle cell proliferation and migration and antiinflammatory activity in endothelial cells (2, 27, 28) . Other studies have revealed C-peptide deposition in the arteriosclerotic lesions of diabetic patients, chemotactic activity towards monocytes and CD4C lymphocytes and the induction of vascular smooth muscle cell proliferation (24, 25) .
It has been postulated that C-peptide normally acts as a counter-regulatory peptide towards the effects of insulin on vessels; the insulin/C-peptide relationship is perturbed when exogenous insulin is administered alone (28) . In type 2 diabetes, the situation is more complex because of the coexistence of multiple cardiovascular risk factors, associated with increased C-peptide levels, the potential down-regulation of C-peptide receptors and the less clear interaction between insulin and C-peptide. Figure 2 Cumulative incidence of any and specific chronic complications by C-peptide tertiles in 931 type 2 diabetic patients without any complications at baseline. The inconsistencies among previous studies that have evaluated the associations between C-peptide levels and chronic complications in type 2 diabetes may be due to differences in the study designs and populations (12, 13, 14, 15, 16, 17, 21, 22, 24, 25, 29) ; however, these differences again highlight the complexity of these relationships in a disease with a pathophysiology that is still incompletely defined.
Preserving b-cell function is one of the aims of treating type 2 diabetes in the attempt to delay the natural course of the disease (26) . Certain strategies, such as starting insulin therapy as early as possible, avoiding drugs that over-stimulate b-cells (such as sulphonylureas) and using new drugs that selectively enhance insulin secretion, have been advocated to rescue b-cell function. However, when we considered hard end points (such as mortality), instead of single complications, no benefits from increased C-peptide levels were evident. Our results remained consistent after adjusting for the time since diagnosis, glycaemic control, insulin treatment and other confounders. Intriguingly, in non-diabetic patients with breast cancer, fasting C-peptide levels are positively associated with an increased risk for all-cause and breast cancer-associated death (30) . These associations might be due to the increased BMIs of women with higher C-peptide levels, because of the well-documented association between obesity and excess mortality (31) . Indeed, these associations persist after adjusting for the BMI values. Similarly, in our patients, avoiding the irreversible loss of b-cell mass and function did not confer any survival benefits to type 2 diabetic patients. Indeed, patients in the highest C-peptide tertile exhibited increased mortality due to 'other causes', particularly infection. This relationship is difficult to explain. Patients in the third C-peptide tertile showed increased BMIs and the features of the metabolic syndrome, as shown in our cross-sectional study (17) . Impaired immune function, including decreased cytokine production, reduced responses to antigen/mitogen stimulation, decreased macrophage and dendritic cell function, and natural killer cell impairment have been demonstrated in obese individuals (32) . Impaired immune responses lead to an increased susceptibility to infections (32) . Furthermore, increased inflammation, altered adipokine signalling and the metabolic changes associated with insulin resistance could affect immune responses (32, 33) .
Even if the findings of this retrospective analysis need prospective replication in cohorts of new-onset type 2 diabetes, a suggestion can be derived from these data, owing to the discordant relationships between b-cell functions and outcomes. Strategies for the management of type 2 diabetes should probably derive from trials designed around major end points (all-cause and specific-cause mortality) instead of surrogate end points (HbA1c values or the incidence of chronic complications).
Limitations and strengths of the study
The patients were not enrolled at the onset of the disease. This fact may represent a possible source of selection bias. However, population-based diabetic cohorts that are enrolled at the onset of the disease are quite difficult to assemble and follow.
We cannot exclude the possibility that some of the patients in the lower C-peptide tertile may be type 1 diabetic misclassified as type 2 diabetic. Nevertheless, it is unlikely that, in our representative cohort of diabetic patients, all the patients who had C-peptide values %0.33 nmol/l (21.3%) were type 1 diabetic. Furthermore, the prevalence of patients on insulin treatment was comparable to that of other Italian diabetic cohorts (19, 34) . The major site of C-peptide catabolism is the kidney; therefore, C-peptide levels may have been elevated in patients with renal impairment; nevertheless, after excluding individuals with impaired renal function, the data did not change significantly. Only one fasting blood sample for C-peptide was collected, leading to the possibility of random errors; furthermore, the possible variation over time of the variable was not taken into account. However, this could have rather weakened the associations or masked weak associations. Furthermore, C-peptide assessment is highly reproducible and considered to be an appropriate measure of residual b-cell function because it is secreted in equimolar amounts with respect to insulin and is not removed in the first pass through the liver. We adjusted the analyses for many potential confounders, but residual confounding cannot be excluded. The strengths of this study include the fact that the studied cohort was representative of the diabetic patients from the study area and all laboratory measurements were centralised. In addition, the length and completeness of the follow-up were high and the sample size was sufficient to estimate HRs with narrow 95% CIs.
Conclusions
Higher fasting concentrations of C-peptide are associated with a reduced risk for several chronic complications but not all-cause or specific-cause mortality in type 2 diabetic patients.
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